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A論 文 内 容 要 旨         E 
A nitride semiconductor has been expected as a promising material for the applications of high-power and high-frequency 
electronic devices. Up to now, most of AlRxRGaR1-xRN/GaN high electron mobility transistors (HEMTs) have been fabricated on a sapphire 
substrate and they are widely used as radio-frequency power amplifiers in the base stations for mobile communication systems. GaN 
has the wurtzite structure with the asymmetry along c-axis, and the polarization exists in the crystal. This means that GaN has the 
crystallographic polarity and the direction of the crystalline polarization can be controlled with this polarity. GaN-based HEMTs have 
been usually constructed with Ga-polarity. This device is called a Ga-polar GaN HEMT. The N-polar GaN/AlRxRGaR1-xRN/GaN HEMT 
can be expected to show high performances, because the AlRxRGaR1-xRN layer acts not only as a polarization-induced layer but also as a 
back-barrier layer. A two-dimensional electron gas (2DEG) can be formed closer to the gate electrode in the N-polar HEMT compared 
with that in the Ga-polar one, where the 2DEG is formed below the AlRxRGaR1-xRN layer. This can enable the N-polar GaN HEMT to 
realize the higher transconductance gRmR. The further advantage of the N-polar GaN HEMT is that the ohmic contacts of both a source 
and a drain with low contact resistance can be easily formed because they are formed on the topmost GaN layer with the band-gap 
relatively narrower than AlRxRGaR1-xRN which is located at the topmost layer in the Ga-polar HEMT. There are a few reports on N-polar 
GaN HEMTs grown by metalorganic vapor phase epitaxy. In these reports, N-polar GaN HEMTs have been formed on c-plane 
sapphire substrates with the off-cut angle larger than 2º for obtaining a smooth surface without hillocks, because an N-polar GaN film 
tends to form hexagonal hillocks at the surface. As the off-cut angle of a substrate becomes larger, the step flow growth can be easily 
promoted. However, such a large off-cut angle also brings step bunching which degrades the abruptness of a hetero-interface. This 
rough interface causes scattering of electrons. The step bunching has also brought the significant anisotropy in the current flow. 
In this work, for suppressing the step bunching and hillocks peculiar in the N-polar growth, a sapphire substrate with the off-cut 
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as small as 0.8º is utilized. The HEMTs fabricated using an N-polar GaN/AlRxRGaR1-xRN/GaN heterostructure has been demonstrated. The 
DC characteristics have been also investigated. In this HEMT, the isotropy of the transconductance with respect to the direction of the 
current flow is also shown. 
The N-polar GaN/AlRxRGaR1-xRN/GaN heterostructures were grown by a low-pressure horizontal quartz-reactor MOVPE system. 
Trimethylaluminum (TMAl), and both trimethylgallium (TMGa) and triethylgallium (TEGa) were used as precursors of aluminum 
and gallium, respectively. As the carrier gas for these precursors, hydrogen gas was adopted. Ammonia gas (NHR3R) was used as a 
nitrogen source. The c-plane sapphire substrates with an off-cut angle of 0.8º towards the a-plane were used to promote the step-flow 
growth for obtaining a smooth surface morphology. The off-cut towards the a-plane was chosen because it was found that the step 
bunching of –c-plane GaN was significantly suppressed from the previous research. The growth of an N-polar GaN/AlRxRGaR1-xRN/GaN 
heterostructure consists of seven steps: (1) thermal cleaning of a substrate at 1100 ºC under hydrogen ambient for 5 min, (2) nitridation 
of a substrate surface at 1100 ºC in NHR3R ambient mixed with hydrogen for 3 min to form an N-polar AlN at the surface of a sapphire 
substrate, (3) the growth of a low-temperature GaN nucleation (LT-GaN) layer at 640 ºC, (4) annealing of an LT-GaN layer for 
crystallization in NR2R ambient at 1100 ºC, (5) the growth of a 2-µm-thick GaN buffer layer at 1100 ºC, (6) the growth of a 25-nm-thick 
AlRxRGaR1-xRN layer at 1100 ºC, (7) the growth of a 30-nm-thick GaN channel layer at 1100 ºC. The temperature shown here is the value at 
the substrate surface. All the layers of GaN and AlRxRGaR1-xRN were unintentionally doped (UID). The reactor pressure was kept 
constantly at 650 Torr, except for an AlRxRGaR1-xRN layer growth for which the reactor pressure has been reduced to 150 Torr. This is to 
enhance the Al incorporation because the Al incorporation into AlRxRGa1-RxRN decreases as the reactor pressure is increased. To evaluate 
the interface morphology, the surface of an AlRxRGaR1-XRN layer grown up to the growth process (6) was observed. 
The surface morphology of the samples was observed by Nomarski-type differential-interference optical microscopy (OM) and 
scanning electron microscopy (SEM). The surface roughness was also investigated by an atomic force microscope (AFM) under the 
dynamic force mode. Both the growth rate and the composition of an AlRxRGaR1-xRN layer were determined by the x-ray diffraction (XRD). 
The simulation of the AlN molar fraction and the thickness of an AlRxRGaR1-xRN film were derived from the fringes in a 2θ-ω scan. The 
electrical properties of the 2DEG formed at the upper GaN/AlRxRGaR1-xRN interface were evaluated by Hall-effect measurements in Van 
der Pauw configuration at room temperature. The polarity of a GaN/AlRxRGaR1-xRN/GaN heterostructure was confirmed by etching in the 
KOH aqueous solution. 
After the growth, HEMTs were fabricated by using the same fabrication process for the conventional Ga-polar GaN HEMTs 
except for the deposition of a SiNRxR film over the whole surface by plasma-enhanced chemical vapor deposition (PECVD) just before 
the FET process. This is because the N-polar GaN surface is easily etched with the alkaline developer for the photolithography. The 
mesa etching was carried out by using a ClR2R-base inductively-coupled-plasma reactive ion etching (ICP-RIE). A Ti/Al/Ni/Au 
(20/100/20/150 nm) ohmic electrodes of a source and drain was deposited by an electron beam evaporation and subsequently 
subjected to a rapid thermal annealing at 780 ºC in an NR2R atmosphere for 30 s. After this deposition, the samples had divided into 2 
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parts for: (i) a Schottky-gate Ni/Au (20/150 nm), and (ii) a MIS-gate with a Ni/Au (20/150 nm) gate electrode formed through a 
10-nm-thick SiNRxR as an insulator on a GaN channel layer. Then, all of the samples were passivated with a 100-nm-thick SiNRxR film by 
PECVD. Finally, Ti/Pt/Au (20/30/350 nm) pad electrodes were evaporated and lifted off. The current-voltage (I-V) characteristics of 
the devices were measured by using an Agilent 4155C semiconductor parameter analyzer. 
The N-polar GaN/ AlRxRGaR1-xRN/GaN heterostructure with a smooth surface was successfully grown without cracks by MOVPE 
on the sapphire substrates. To achieve a high electron mobility of 2DEG forming at the GaN/AlRxRGaR1-xRN hetero-interface, the interface 
must be abrupt. The interface morphology of N-polar GaN/AlR0.32RGaR0.68RN/GaN heterostructure was evaluated by SEM measurements 
where the growth was stopped after the deposition of the AlR0.32RGaR0.68RN layer. The smooth interface morphology has been obtained. The 
root-mean-square of the surface roughness was about 0.7 nm in the area of 5 × 5 μmP2P. From the XRD measurement, the N-polar 
30-nm-thick GaN/25-nm-thick AlR0.32RGaR0.68RN/2-μm-thick GaN heterostructure was found to be coherently grown on an N-polar GaN 
layer. The electrical properties have been evaluated by Hall measurement under Van der Pauw configuration. The Hall mobility µ and 
the electron density nRsR of a 2DEG at room temperature were 1,164 cmP2P/Vs and 1.3 × 10P13P cmP−2P, respectively. 
After the successive growth of an N-polar AlR0.32RGaR0.68RN/GaN heterostructure, the HEMTs with a gate length of 10 µm were 
fabricated. The basic device characteristics were measured at room temperature. Firstly, in order to confirm the pinch-off operation of 
the N-polar GaN HEMT, the ID-VDS characteristic of the Schottky-gate HEMT was measured under the DC operation. ID is the 
current flowing to the drain terminal while a drain-source voltage is applied under the constant voltage between a gate and a source. 
Here the pinch-off of the drain current cannot be observed. To investigate this reason, the gate leakage current was also measured as 
the ID-VGS characteristics. At VDS of 0 V, the gate leakage current in the reverse-biased region was observed. In addition, for 
investigating the Schottky characteristic of a gate, the IG -VGS characteristic was also measured. It can be found that the leakage current 
was over than 1 mA/mm in the reverse-bias region, and the Schottky contact of a Ni metal to an N-polar GaN channel was very leaky. 
As reasons why this gate leakage occurs, two reasons can be considered. The first is that the N-polar HEMT has a lower Schottky 
barrier height than a Ga-polar HEMT because GaN has a little smaller band-gap energy than AlGaN in Ga-polar HEMT. The second 
reason is that the N-polar GaN film has the background carrier density of 5 × 1017 cm−3 much higher than the Ga-polar one with the 
background carrier density of 1 × 1015 cm−3. This large value was most likely caused by the higher residual oxygen density in an 
N-polar GaN in comparison with a Ga-polar GaN film. An oxygen atom plays a role on a shallow donor in GaN. Electrons from these 
shallow donors are considered to make it easy to tunnel through the narrower barrier width between Ni and GaN. This barrier width 
has resulted from the high background carrier density of an N-polar GaN. Thus, these shallow donors are considered to be the origin 
of the excessive leakage current. However, the reduction of these donors in an N-polar GaN can be basically realized by further 
optimized the growth conditions.  
To suppress the gate leakage current, a metal-insulator-semiconductor (MIS) gate structure with a 10-nm-thick SiNx insulator layer 
has been introduced. The ID-VDS characteristics of the MIS-gate and the recess MIS-gate with the gate length of 10 μm have been 
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measured. The gate leakage current has been drastically suppressed in a MIS-gate HEMT in comparison with a Schottky-gate HEMT. 
The MIS-gate HEMT also realized a pinch-off operation with a threshold voltage of −9 V. It can be concluded that the MIS structure 
is necessary for developing N-polar GaN related devices. The threshold voltage and the transconductance of a MIS-gate N-polar GaN 
HEMT have found to be improved by using the gate recess structure. Further improvement in the transconductance and the threshold 
voltage can be expected by optimizing the device structure such as the recess depth, and the process conditions such as the recess 
etching process. 
To confirm the advantage of the sapphire substrate with a small off-cut angle, the gm of MIS-gate HEMTs with the gate parallel 
and perpendicular to the step direction was also investigated. Each HEMT has the gate arranged along each direction parallel and 
perpendicular to the step edges. As a result, the previously reported gm anisotropy due to the step bunching was successfully 
eliminated. Comparing with HEMTs on sapphire substrates with a large off-cut angle, we can conclude that the sapphire substrate 
with a small off-cut angle such as 0.8° is indispensable for taking advantage of the N-polar GaN HEMTs. 
In conclusion, the N-polar GaN/Al0.32Ga0.68N/GaN MIS-HEMT has been fabricated on a sapphire substrate with an off-cut 
angle as small as 0.8º. A smooth interface without step bunching has been obtained by optimizing the growth conditions for the 
N-polar growth, and gm became independent of the in-plane direction. This HEMT showed the basic electrical characteristics such as 
a pinch-off operation. These results will open windows for developing the N-polar HEMTs with better performance than Ga-polar 
ones. 
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